The influence of a modifier based on WC nanoparticles was investigated using bulk Al in a real industrial process using a commercial Al-Si hypoeutectic alloy. The modifier was prepared by hot extrusion approach. Its influence was investigated on Al and on commercial Al A356 alloy. The mechanical properties of the Al A356 alloy modified with WC nanoparticles was determined after T6 heat treatment and compared with an unmodified specimen of the same alloy. The results obtained in the modified Al A356 alloy reveal unusual behavior of the mechanical properties, where the elongation of the alloys improved by 32%-64%, while the tensile and the yield strengths remained unchanged. This behavior was attributed to a grain-size strengthening mechanism, where strengthening occurs due to the high concentration of grain boundaries, which prevent the dislocations motions in the metal lattice.
INTRODUCTION
The strengthening of metals is one of the main challenges in modern materials industry.
Typically, such strengthening can be achieved by well-known alloying processes, in which some materials are added to affect the metallic product formed. The main disadvantage of the process is the relatively high fractions of expensive materials which are used to obtain the desirable technological characteristics.
Research on the formation of materials with improved mechanical performance is of great interest when they are considered in applications in the automotive or aerospace industry. In this work, the possibility of altering the mechanical properties and the microstructure of the Al-Si A356 casting alloy was investigated. Aluminum alloy A356 has excellent castability, mechanical characteristics, and physical properties. Its strength is usually improved by the alloying technique [1] [2] [3] [4] [5] [6] using master alloys, by heat treatment, or by applying ultrasound that affects the crystallization process of the solidified alloy [7] [8] [9] . Some studies have shown that the addition of TiB 2 particles, which serve as crystallization nuclei, causes refinement of the metal grains [10, 11] . Small additions of Sr and Na into Al-Si casting alloys enhance the formation of refined eutectic colonies [12, 13] . These grain-refinement processes cause improvement of the mechanical properties of metals. Another strengthening technology is Semi-Solid Metal processing (SSM), which was initially developed in the 70s of the last century [14] . Under the SSM approach, metals are treated by a mixture of fine solid nonmetal particles dispersed in the melt [15, 16] .
In the last 20 years nanoscience approach has become a popular subject. It would be reasonable to expect that nanoparticles in the metal formed would cause such changes in the mechanical properties, but that their influence would be "milder" and more balanced.
Unfortunately, the effect of additions of nanoparticles to metallic materials has not been thoroughly studied, but some researchers have reported that the mechanical properties of aluminum A356 could be improved by additions of Al 2 O 3 or TiB 2 nanoparticles during the casting process [17, 18] . In the current work nanoparticles were used as nucleation sites; therefore, their melting point should be higher than that of aluminum to avoid their melting.
Among their advantages, nanoparticles display high gas absorption on their surface because of the very large proportion of surface atoms out of the total number of atoms. Therefore, they need to be protected to prevent their floating on the surface of the molten metal.
WC used in this study as a modifier-based nanomaterial because of its advanced mechanical properties and relatively high melting point. Lekatou et. al. [19] showed that WC nanoparticles can be used in an aluminum reinforcement process in a relatively small amount of aluminum.
Unfortunately, WC exhibits poor wettability by aluminum and its alloys. One solution was described by Chattopadhyay et. al. [20] , who solved the problem by applying different treatment methods. In this work an alternative approach will be presented, where a modifier will be prepared by hot extrusion process.
It is relatively easy to perform the work and describe the experimental results obtained on relatively small amounts of the material, such as hundreds of grams. The aim of the present research is to investigate the influence of an addition of WC nanoparticles in a scaled-up process on the mechanical properties of the metal. The scaled-up industrial process is investigated on the commercial aluminum A356 casting alloy. An additional aim of the research is to describe the strengthening mechanism in the process.
EXPERIMENTAL
Al-Si alloy sample preparation.
WC nanoparticles (Inframat® Advanced Materials, 99.5%, crystallite size 40-70 nm) were mechanochemically activated with aluminum powder (Strem, 99%+, 20-40 mesh) in a Retsch PM 100 planetary ball mill. The milling speed was 400 rpm, and the activation time was 5 min.
The powder mixture obtained was hot-extruded at 623K in a home-made extrusion container with an extrusion ratio equal to 17.4.
A 100 kg portion of ingots of Al-Si alloy A356 (Rheinfelden Alloys GmbH) was melted in an industrial electric resistance furnace, overheated to 1033 K, and then subjected to a standard industrial modification process using sodium and degassing by FDU. After degassing, a modifier containing 0.03 wt.% of WC nanoparticles (out of the total Al mass) was added to the molten metal, and the mixture was stirred for 10 min. The melt was poured into a special sand mold (Figure 1 ), whose central part solidifies much more slowly than the outer perimeter. The pouring temperature was controlled at about 1003 K. After pouring, the specimens produced were T6-heat-treated.
Characterization techniques.
Microstructure studies were carried out using a Zeiss Axiolab optical microscope. The specimens of the Al A356 casting alloy were analyzed using a Keller-Wilcox reagent (3ml HCl, 5ml HNO 3 , 1ml HF, 190ml H 2 O) to investigate their microstructures. Grain size measurements were made using the SIAMS 600 (System of Image Analysis and Modeling Structures) software version 2.0 and were based on the images taken from the optical microscope. 
RESULTS AND DISCUSSION
Characterization of the modifier for Al-Si casting alloy.
The following experiments were conducted using the commercial A356 hypo-eutectic Al-Si casting alloy. Here the modifier was obtained by a hot extrusion process. During the process, the oxide layer on the nanoparticle surface disappeared because of the high compressive forces applied [21] . The modifier obtained is a cored wire filled with a mixture of a milled coarse Al powder with WC nanoparticles. An SEM image of the fiber structure obtained inside the modifier is presented in Figure 2 . Table 1 . After T6 heat treatment, two specimens cut from the center and two from the perimeter of three different modified casting parts were subjected to tensile strength tests and compared with two specimens from the center and from the perimeter of one as-cast part. The crystallization rate on the perimeter of the cast part was much higher than the crystallization rate in the central area because of the different thicknesses of the sand mold.
The values of the tensile strength, yield strength, and elongation of the as-cast and modified alloys are summarized in Table 2 . It is seen from the table that the addition of the modifier based on WC nanoparticles improved the elongation of the metal by 32% and 64% in the perimeter and in the central part of the mold, respectively. The tensile strength and yield strength of the metal remained unchanged.
Generally, increasing the tensile strength reduces the ductility and vice versa. The results in Table 3 show unusual behavior, under which the elongation increases while the strength remains unchanged. The phenomenon of increases in the elongation as the grain size decreases is still not well understood. This phenomenon was also described by Li and Gui [22] .
Hardness tests were conducted on the as-cast alloys before and after modification. The results are averages of three points in different regions of the cast ingots. The hardness of the as-cast alloy before modification was 14±3.5 HRB, and the hardness of the modified alloy was 23.3±2.1
HRB. The addition of WC nanoparticles causes the hardness to improve by 66%.
Hardness indicates the resistance of the material to localized plastic deformation and can indirectly indicate the tensile strength. In our case, it is valuable more as an indication of the resistance to penetration of the surface than as an indication of the tensile strength; therefore, its significant improvement was not expressed in the values of the ultimate tensile strength (UTS).
Specimens of the Al A356 casting alloy before and after modification were analyzed, and their microstructures are shown in Figure 4 . The results of calculations of the average grain size using the SIAMS image analysis software are shown in Table 3 . In summary, the modification of Al-Si casting alloy with WC nanoparticles is an important achievement for the technological casting process because of the improvement in the mechanical properties obtained without using common alloying compounds, which makes casting production more economically beneficial.
Strengthening mechanism.
The experimental results from the present research demonstrated a 66% improvement in the hardness of the Al-Si alloy. It is important to mention that hardness is a mechanical property which can indirectly indicate the tensile strength. In our case, it is more valuable for the resistance to penetration of the surface; therefore, its significant improvement was not expressed in terms of tensile strength values.
Usually the strengthening of aluminum can be increased by several mechanisms:
1) solid-solution strengthening when an alloying element forms a solid solution with the metal so that the atoms of the solute prevent dislocation motion in the lattice of the solvent;
2) grain-size strengthening expressed by the Hall-Petch relation [23] , which calls for an increase in the yield stress of a polycrystalline material as its grain size decreases;
3) precipitation hardening, which is the process of high-temperature fixation of the structure of alloys at lower temperatures.
In our previous work we described the strengthening mechanism for an Al-Si alloy modified by ceramic nanoparticles [21] . Large concentrations of dislocations were observed near the grain boundaries, and nanoparticles were found only inside aluminum alloy grains. This is an indication that the nanoparticles act as nucleation accelerators in the crystallization process. As a result, the large numbers of grain boundaries formed prevent the slip motion of dislocations from one grain into another because of the lattice orientation difference.
According to the results obtained in the current research, together with our previous experimental results, it may be assumed that a grain boundary mechanism is responsible for the strengthening process.
CONCLUSIONS
The effect of modification with WC nanoparticles on the microstructure and mechanical properties of the Al A356 casting alloy has been described in this work. Preparation of WC nanoparticles with the aluminum mixture followed by a hot extrusion process has been found to be a feasible method for preparing the Al modifier.
The commercial Al A356 hypoeutectic alloy was modified and investigated. Its elongation increased by 32% and 64% in different parts of the mold, and its hardness increased by 66%.
Based on the previous experimental results together with the present research, it may be assumed that a grain-size strengthening mechanism operates in the modification of the Al-Si alloy with WC nanoparticles.
